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Hydrogen and helium accreted onto a neutron star undergo thermonuclear burning. Explosive 
burning is observed as a type I X-ray burst. We describe the different burning regimes and focus 
on some of the current inconsistencies between theory and observations. Of special interest are 
the rare kinds of X-ray bursts such as carbon-fueled superbursts and helium- fueled intermediately 
long X-ray bursts. These bursts are thought to originate deeper in the neutron star envelope, 
such that they are probes of the thermal properties of the crust. We investigate the possibility 
of observing superbursts with the wide-field instruments INTEGRAL-ISGRI and Swift-BAT. We 
find that only the brightest bursts are detectable. 
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1. Introduction 

Neutron stars in low-mass X-ray binaries can accrete material containing hydrogen and helium 
from a lower-mass companion star. Due to the high surface gravity of neutron stars, the material 
is compressed within a matter of hours to such high densities that, when it is just a few meters 
thick, the conditions for fusion of hydrogen and of helium are reached. If the thermonuclear fusion 
is unstable, the entire surface is burned within one second. Afterwards, the neutron star envelope 
cools down on a typical timescale of 10s. This is observable as a type I X-ray burst (Woosley & 
Taam 1976; Maraschi & Cavaliere 1977; Lamb & Lamb 1978). The spectrum is usually well-fit 
by a simple black body with a peak temperature of 2 to 3keV, which makes them detectable in 
the classical X-ray band. During the tail of the burst, the black body temperature decreases. Since 
their discovery (Grindlay et al. 1976), several thousands of these bursts have been observed from 
approximately 90 sources (e.g., in 't Zand et al. 2004b; Galloway et al. 2006; in 't Zand et al. 2007; 
for reviews see Lewin et al. 1993; Strohmayer & Bildsten 2006). In this proceedings paper we 
focus on aspects of the burning processes responsible for X-ray bursts and on rare kinds of long 
bursts that have been discovered in recent years. 

2. Stable and unstable burning regimes 

Several nuclear reaction chains are responsible for the burning on a hydrogen/helium accreting 
neutron star. For instance, hydrogen bums to helium via the CNO cycle and helium bums to 
carbon through the triple-alpha process. The reaction rates of these processes can be strongly 
dependent on the temperature in the envelope, such that a small increase in the temperature causes 
a large rise in the energy generation rate. If the cooling rate is too low, this again increases the 
temperature, leading to a thermonuclear runaway, which is observable as an X-ray burst. At higher 
temperatures the dependence weakens, such that above a certain temperature burning proceeds in a 
stable manner. For hydrogen burning the transition is at T ~ 8 ■ 10^ K, while for helium burning it is 
T ~ 3.5 • 10^ K (Bildsten 1998). Above this treshold, hydrogen burning follows a slightly different 
reaction chain known as the hot CNO cycle, which is temperature independent. 

The temperature in the envelope is influenced by heating as well as cooling processes and in- 
creases with depth. The most important source of heat is stable thermonuclear burning of hydrogen 
and helium in the envelope itself. Cooling is mostly radiative. Part of the heat may be conducted 
inward, but in the envelope this is estimated to be only a small fraction (Eichler & Cheng 1989). 
Another source of heat is the crust, a solid layer located below the envelope. During accretion 
the crust is compressed, which induces pycnonuclear reactions and electron captures. About 10% 
of the thus generated energy heats the envelope, while the rest is conducted deeper into the neu- 
tron star. The heat flux generated per accreted nucleon is thought to be 2 = O.lSMeVnucleon^^ 
(Haensel & Zdunik 2003), although a recent study indicates it may be a few times higher (Gupta 
et al. 2007). 

The amount of heating depends on the mass accretion rate M. For a higher M the heating by 
processes in the crust is stronger, leading to a higher temperature at the base of the burning layer. 
This influences the stability of thermonuclear burning, such that several burning regimes can be 
distinguished as a function of M. In Table |l| we indicate the mass accretion rate at the transition 
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Table 1: Burning regimes as a function of mass accretion rate (Fujimoto et al. 1981; Bildsten 1998), for a 
hydrogen/heUum accreting neutron star mass of 1 .4M0, a radius of 10km, a hydrogen mass fraction X = 0.7 
and a CNO mass fraction Zcno = 0.01. 



Regime 


M/MEdd 


Burning 


I 


0.5% 


Mixed H/He flash (H ignites first) 


n 


3% 


He flash (stable H burning) 


m 


100% 


Mixed H/He flash (He ignites first) 


IV 




Stable H/He burning 



between the regimes as found in models (Fujimoto et al. 1981; Bildsten 1998). All regimes are 
observed, but the mass accretion rate at the transitions is only approximately in agreement with 
the theoretical picture. For example, Cornelisse et al. (2003) observe the transition from regime 
I to II at M ~ 0. IMndd (note that Galloway et al. 2004 argue this is the transition from regime II 
to III), van Paradijs et al. (1988) find indications of an increasing amount of stable H/He burning 
at M > 0.1MEdd> suggesting that there is a smooth transition from regime III to IV starting at a 
lower accretion rate than predicted by theory. The theoretical picture changes somewhat if certain 
important effects aie incorporated in the models. In their models that include the effect of sedimen- 
tation Peng et al. (2007) find at low accretion rates, 0.3% < M/Medd ^ 1%> a new regime of pure 
hydrogen bursts, where helium sinks to larger depths (see also Cooper & Narayan 2007; in 't Zand 
et al. 2007). Another important effect is turbulent mixing due to rotation (Fujimoto 1993). When 
matter is accreted from the disk onto the neutron star it likely has a higher angular velocity than the 
neutron star itself. The accreted angular momentum is shared with the rest of the star. This leads 
to differential rotation, which causes turbulence that can mix the chemical composition of neigh- 
boring layers. If mixing is important, hydrogen and helium are diffused to larger depths, where 
the temperature is higher. This shifts the boundaries of the predicted burning regimes (Table [I]). 
Yoon et al. (2004) investigated the effect of rotationally induced mixing on the stability of burning 
in the case of helium accreting white dwarfs. They find that the effect is important, as it leads to 
increased stability of thermonuclear burning. Piro & Bildsten (2007) study helium accretion on 
neutron stars and find that also in this case mixing increases stability. Their models include a rota- 
tionally induced magnetic field, which very efficiently transports angular momentum through the 
envelope. Recently Keek et al. 2008b studied stable burning of helium in the neutron star envelope 
using a one dimensional hydrodynamic stellar evolution code including the effect of both rotational 
mixing and a rotationally induced magnetic field. They find that stability may be increased even 
further than Piro & Bildsten (2007) predict, as the stabilizing effect is substantial for models at 
all rotation rates. Combined with the increased heat flux from the crust predicted by Gupta et al. 
(2007), these effects may enable us to better explain the observed burning behavior as a function 
of mass accretion rate. 
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Table 2: Comparison of the typical properties of different kinds of type I bursts. 





normal 


intermediate 


superburst 


duration 


10- 100 seconds 


15- 


40 minutes 


Iday 


fluence 


10^^ erg 


1040. 


- 10"^! erg 


lO'^^erg 


recurrence time 


hours-days 


tens of days 


1 year 


number observed 


1000s 


~20 




15 




from ~ 90 sources 


from 


8 sources 


from 10 sources 



3. Burst duration 

From our overview of the burning regimes (Table HJ), we see that flashes may occur in burning 
layers that have different relative hydrogen and helium contents. Observationally we can discrim- 
inate between these bursts using their duration. The duration of a burst is set by the cooling time 
scale of the burning layer, which is determined by the depth at which the burning takes place. Typ- 
ically this is of the order of 10 s. In the presence of hydrogen, however, prolonged nuclear burning 
can extend the burst duration up to around 100 s. A series of proton captures and j8 -decays cre- 
ates heavy elements with mass numbers of up to 100 (e.g., Schatz et al. 2003; Fisker et al. 2008). 
This is known as the rp-process. Therefore, bursts last longer when the fuel has a larger hydrogen 
content. In a histogram of the burst decay time for a large number of type I bursts (see in 't Zand 
2007 or Chenevez et al. 2008 in these proceedings) we see a broad distribution of bursts with ex- 
ponential decay times of a few seconds up to 100s. Surprisingly, there are also two groups of 
bursts with much longer decay times of up to 10^ s: the so-called intermediate bursts and the super- 
bursts. Their decay times are too long to be explained by prolonged burning through the rp-process. 
Therefore, these represent the cooling time scales of very thick layers. The thicker layers imply 
higher ignition pressures and, thus, different ignition temperatures or fuel compositions. Indeed, 
intermediately long bursts are thought to be due to much thicker hydrogen/helium layers on colder 
neutron stars (in 't Zand et al. 2005; Gumming et al. 2006) and superbursts are thought to result 
from carbon burning (Comelisse et al. 2000; Gumming & Bildsten 2001; Strohmayer & Brown 
2002). Comparing the properties of these different kinds of bursts in Table we see that they are 
indeed consistent with the burning of thicker layers of fuel in the longer bursts, as their fluence is 
also higher. Since it takes a longer time to accumulate a thicker layer, the intermediate and super- 
bursts have longer recurrence times, leading to a much lower number of observed instances than 
for normal bursts. For example, only 15 superbursts have been observed from 10 sources (Table 
Therefore, most long duration bursts were observed relatively recently, after the launch of the 
observatories BeppoSAX and RXTE, which collected unprecedented amounts of exposure time on 
many of the bursting sources in our Galaxy. 

4. Intermediate bursts 

Most intermediate bursts are observed from so-called ultra-compact X-ray binaries (UCXBs), 
which have an orbital period of less than 80 minutes. In such a small orbit only a companion star 
fits which has lost its hydrogen-rich envelope. The neutron star, therefore, likely does not accrete 
any hydrogen, but may accrete helium (in 't Zand et al. 2005). Without stable hydrogen burning. 
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Figure 1: RXTE ASM light curve of 4U 1608-522 during the 2005 major outburst. 55 days after the start 
of the outburst a superburst occurred (Keek et al. 2008a). Time resolution is two weeks, except during the 
superburst where the 90 s ASM dwells are used. 

the envelope is cold, such that a much thicker layer has to be accreted before the ignition conditions 
for helium burning are reached (Gumming et al. 2006). Furthermore, the most important source of 
heat is in this case crustal heating. This makes intermediate bursts probes of the neutron star crust 
while mass accretion is ongoing. 

A thick helium layer could also form on a hydrogen-accreting neutron star, if at low mass 
accretion rates pure hydrogen bursts occur, while sedimentation causes helium to settle at larger 
depths (Peng et al. 2007). The hydrogen bursts would be too weak to ignite the helium layer. 
Furthermore, these bursts may not exceed the accretion luminosity and may therefore not be de- 
tectable. Two intermediate bursts have been argued to be due to this scenario: a burst from the 
globular cluster M28 (Gotthelf & Kulkami 1997; Peng et al. 2007) and one from IGR 17254-3257 
(Chenevez et al. 2007). in 't Zand et al. 2007 point out some issues which may prevent it from 
occurring. 

Intermediately long bursts with durations of 6 to 25 minutes have also been observed from 
GX 17-1-2 (Kuulkers et al. 2002a). These are interesting cases, since the source is not known to 
be an UCXB and it accretes at near-Eddington rates, while most UCXBs accrete at relatively low 
rates. 



5. Questions about superbursts 

Superbursts are thought to originate in a 100 meter thick carbon-rich layer containing the ashes 
of hydrogen and helium burning. Most superbursting sources accrete hydrogen-rich material at a 
rate of M > O.lMEdd (e.g., Kuulkers 2004). The base of the carbon-rich layer is close to the crust. 
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Table 3: Overview of the ten known superbursters in order of increasing exponential decay time Texp (adapted from Kuulkers 2004). 



source 


GX 17+2 1820-303 1636-536 Ser X-1 


1735-444 GX3+1 


0614+091* 


1731-260 


1608-522 


1254-690 


number of superbursts 


4 


1 


3 


1 


1 


1 


1 


1 


1 


1 


onset observed 


twice 


yes 


once 


no 


no 


no 


no 


yes 


yes 


yes 


duration (hr) 


4 


- 2 >2.5 


^6 




-7 


>3.3 


^ 9 


-12 


- 15 


-14 


Texp (hr) 


0.7-1.9 


-1 


1.05-3.1 


1.2±0.1 


1.4±0.1 


1.6±0.2 


2.1 


2.7±0.1 


rsj 4 


6.0±0.3 


kTr^^ (keV) 


3.1±0.3 


-3.0 


2.35±0.01 


2.6±0.2 


2.6±0.2 


-2 


1.5 


2.4±0.1 


2.1±0.1 


1.8±0.1 


^i,eak(10-^ergs-icm-2) 


1.5 


7.0 


2.0 


1.9 


1.5 


3.5 


>0.7 


2.3 


-4.5 


0.23 


Lpeak (1038 erg s-V 


-1.8 


-3.4 


-1.3 


-1.6 


-1.5 


-0.8 


>0.09 


-1.4 


0.4-0.7 


-0.4 


£b (10^2 erg) 


0.3-1 


>l-4 


-0.65 


-0.8 


^0.5 


>0.6 


>0.06 


-1.0 


0.4-0.9 


-0.8 


^ers (Lfidd) 


-0.1 


-0.8 


-0.1 


-0.2 


-0.25 


-0.2 


-0.01 


-0.1 


-0.1 


-0.13 


H/He or He donor 


H/He 


He 


H/He 


H/He 


H/He 


H/He 


He?^ 


H/He 


H/He 


H/He 


Orbital period 


7 


1 1 min 


3.8 hr 


? 


4.7 hr 


? 


51 min 


? 


12.0 hr 


3.9 hr 



" A question mark denotes an unknown value; 

* Numbers are based on Kuulkers et al. in preparation. 

Unabsorbed bolometric peak (black-body) luminosity; 
^ See Nelemans et al. (2004); in 't Zand et al. (2005) 

References: GX 17+2 in 't Zand et al. (2004a), 4U 1820-303 Strohmayer & Brown (2002), 4U 1636-536 Wijnands (2001); Strohmayer & Mark- 
wardt (2002); Kuulkers et al. (2004), Ser X-1 Cornelisse et al. (2002), 4U 1735-444 Cornelisse et al. (2000), GX 3+1 Kuulkers (2002), 4U 0614+091 
Kuulkers (2005), KS 1731-260 Kuulkers et al. (2002b), 4U 1608-522 Remillard et al. (2005); Keek et al. (2008a), 4U 1254-690 in 't Zand et al. 
(2003). 
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which means that crustal heating is important for reaching the ignition temperature for carbon 
burning. Therefore, hke intermediate bursts, superbursts are probes of the neutron star crust. 

For a superburst to occur, two main ingredients are required: sufficient carbon to fuel the burst 
and a high enough temperature to ignite the flash. Carbon is thought to be created mostly by stable 
helium burning, but it is destroyed by the rp-process in the presence of hydrogen during bursts. 
Since all known superbursters also exhibit normal bursts, this presents a problem: how can suffi- 
cient carbon survive the many (at least hundreds) normal X-ray bursts before a superburst? Keek 
et al. (2008a) suggest that sedimentation may separate carbon from the lighter elements hydrogen 
and helium, but this should be investigated further While normal X-ray bursts pose the problem of 
removing carbon, this same process aids in reaching the required ignition temperature. The heavy 
elements that are created by proton captures on carbon, decrease the thermal conductivity of the 
envelope. By reducing the efficiency of cooling, this allows for the envelope to heat up faster, 
leading to shorter superburst recurrence times of approximately one year (Gumming & Bildsten 
2001). This leads to the realization that for most superbursters both stable and unstable burning are 
required (in 't Zand et al. 2003; Schatz et al. 2003). 

The problems in understanding how these two ingredients are obtained are well illustrated by 
the first observation of a superburst from the 'classical'^ transient 4U 1608-522 (Keek et al. 2008a; 
Remillard et al. 2005). The neutron star started accreting at a high level only 55 days before the 
occurrence of the superburst (Fig. H). This is not enough time to accumulate the required carbon- 
rich layer, so the layer must have been formed during multiple outbursts in the previous 26 to 72 
years. In the mean time, many normal type-I bursts occurred. Furthermore, during accretion the 
crust heats up, but according to the most recent models 55 days is not enough time to reach the 
ignition temperature for a carbon flash. Likely, there is an important extra source of heat in the 
crust, that is not taken into account yet. 

6. On the possibility of detecting superbursts with INTEGRAL-ISGRI and 
Swift-BAT 

While intermediate bursts have been detected with INTEGRAL-ISGRI and Swift-BAT (e.g., 
Chenevez et al. 2008 in these proceedings), no superbursts have been reported from observations 
with these instruments. In this section we investigate the possibility of detecting superbursts with 
IBIS/ISGRI and BAT. 

IBIS has a field of view of the same order as the BeppoSAX WFCs. The BeppoSAX instru- 
ments detected 4 superbursts in a typical exposure time of 6 to 12 Msec per superburster (excluding 
the 4 superbursts from the luminous source GX 17-1-2, in 't Zand et al. 2004a). The IBIS exposure 
times are of the same order of magnitude. From this perspective one would expect a few super- 
burst detections in the ISGRI data. However, the > 15 keV bandpass of ISGRI is not ideal for 
the detection of few-keV black body spectra. For a black body temperature of 3.0/2.5/2.0/1.5 keV, 
the percentage of the photons above 15 keV is 10/5/1.5/0.3% of the total. For a bolometric flux 
of 2 X 10^^ erg s^^cm^^, equivalent to roughly 1 Crab between 2 and 10 keV, and a temperature 

'Previously, a superburst was observed from the long-duration transient KS 1731-260 (Kuulkers et al. 2002b). This 
source, however, accreted at a high rate for over ten years before the superburst was observed. 
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of kr=2.5 keV, we expect an IBIS photon countrate of 15 c/s on axis. This number is based on 
a study of X-ray bursts in ISGRI data studied by Chelovekov et al. (2007) and on time-resolved 
spectroscopy on such data by Molkov et al. (2005) and Chenevez et al. (2007). If the same black 
body cools to 2.0 keV (following Stefan-Boltzmann), this decreases to 2.5 c/s. 

We calculated ISGRI fluxes as a function of time for the superbursts seen from 4U 1820-303, 
4U 1636-536, Ser X-1, 4U 1735-44, OX 3-^1, 4U 1608-522 and 4U 0614-^091, using the numbers 
in Table ^, and compared that to the 15-40 keV light curves as provided by the ISDC. It turns out 
that only 1 of the 7 superbursts could have been detected by ISGRI: that from 4U 1820-303. The 
significance with respect to the average error in the first superburst 'science window' (an exposure 
of 1 800 to 3600 s) would have been 40 and the flux 7 times higher than the average persistent flux. 
These high values are both due to the high peak temperature (3 keV) and the large flux (2 times 
higher than the next brightest superburst). The other superbursts would have been fainter than the 
persistent flux, and have significances less than 4 per 'science window'. 

We performed a similar study for the BAT on Swift, and obtain a similar conclusion. BAT 
is about twice less sensitive to X-ray bursts. Only the superburst from 4U 1820-303 could have 
been detected, with a significance of about 20 in the first superburst orbit. Other superbursts have 
significances of 2 or less. 

INTEGRAL has collected a large amount of exposure time on most (candidate) superbursters 
through a dedicated program to monitor the galactic center region (Kuulkers et al. 2007). Although 
Swift does not have a similar program, it still has collected a similar exposure time, since the field 
of view of BAT is eight times larger than that of IBIS. No superbursts are apparent from 4U 1820- 
303 in 15.6 Msec of ISGRI (from February 28, 2003 up to November 11, 2006) nor 10.4 Msec of 
BAT data (from February 12, 2005 up to November 11, 2008). Note that this is consistent with the 
longer recurrence time that is predicted for pure hehum accretors (Strohmayer & Brown 2002). 

7. Conclusion 

We reviewed the regimes of thermonuclear burning of accreted matter on neutron stars. Un- 
stable burning of hydrogen and helium in the envelope is observable as type I X-ray bursts, which 
allow us to study the neutron star envelope. Since a few years we observe rare bursts with longer 
decay times of up to a few hours. The so-called intermediate bursts are due to thermonuclear burn- 
ing of a thick helium layer, while the superbursts occur in a thick carbon-rich layer. The base of 
these thick layers lies close to the crust, such that the ignition of long bursts depends on the heating 
from the crust. Therefore, intermediate bursts and superbursts can be used as probes of the neutron 
star crust. The observation of one superburst — the first from a 'classical' transient — gives us 
important new insight in the thermal properties of the crust. Observing more long duration bursts 
will, therefore, allow us to improve and better constrain models of crustal heating. The wide-field 
instruments INTEGRAL-IS GRI and Swift-BAT have collected a large amount of exposure time on 
many of the bursting sources in our Galaxy. While these instruments have observed intermediate 
bursts, no superbursts were detected yet. We find that due to the energy range of the instruments, 
only very bright superbursts may be detected. 
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